Using high-quality Fe3Si/n + -Ge Schottky-tunnel-barrier contacts, we study spin accumulation in an n-type germanium (n-Ge) channel. In the three-or two-terminal voltage measurements with low bias current conditions at 50 K, Hanle-effect signals are clearly detected only at a forward-biased contact. These are reliable evidence for electrical detection of the spin accumulation created in the n-Ge channel. The estimated spin lifetime in n-Ge at 50 K is one order of magnitude shorter than those in n-Si reported recently. The magnitude of the spin signals cannot be explained by the commonly used spin diffusion model. We discuss a possible origin of the difference between experimental data and theoretical values.
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For overcoming the scaling limit of silicon (Si) complementary metal oxide semiconductor (CMOS) devices, [1] germanium (Ge) channels with high electron and hole mobility have been expected. [2] [3] [4] In general, there are two critical issues for source-drain technologies of Gemetal-oxide-semiconductor field effect transistors (MOSFETs), i.e., the strong Fermi-level pinning (FLP) at the metal/Ge interface [5, 6] and low solubility of the dopants. [7, 8] Some solutions for the two issues have so far been proposed. [9] [10] [11] [12] [13] Recently, we individually addressed them by fabricating an atomically controlled metal/Ge interface [12] and forming an ultrashallow contact with the Sb δ-doping. [13] If the Ge technologies for the high performance MOSFETs are combined with spintronic ones for the nonvolatile memory, one can realize a next-generation CMOS technology with ultra-low-power consumption. [14, 15] To date, spin-polarized electrons created by an optical method were detected electrically in Ge-based heterostructures. [16] Very recently, electrical spin injection and detection in a Ge channel were also demonstrated in lateral devices with ferromagnet (Fe)-insulator (MgO or Al 2 O 3 ) contacts. [17] [18] [19] [20] Since the insulating barriers for source and drain contacts can result in large parasitic resistance unfortunately, a technique without the insulating barrier for the spin injection and detection in Ge will be required in the scaled MOSFET structures.
In this paper, we show reliable evidence for the detection of spin accumulation created electrically in an n-Ge channel through Fe 3 Si/n + -Ge Schottky -tunnel-barrier contacts. This is the first step of research and development of Ge-based spintronic devices without using insulating tunnel contacts.
Fe 3 Si epitaxial films with a thickness of 10 nm were grown on Ge(111) by low-temperature molecular beam * E-mail: hamaya@ed.kyushu-u.ac.jp 
epitaxy (MBE) at 130
• C. [21] Prior to the growth, we fabricated a phosphorus-doped n-Ge(111) channel (∼10 18 cm −3 ) with a thickness of ∼100 nm on non-doped Ge(111) substrates (ρ = ∼ 40 Ωcm) by using an ion implantation technique and an annealing at 600
• C. [22] After the fabrication of the n-Ge(111) channel, the n + -Ge(111) layer consisting of a 5-nm-thick Ge epilayer and δ-doped Sb (n = ∼10 14 cm −2 ) was grown by MBE. [13] Conventional processes with photolithography, Ar + ion milling, and reactive ion etching were used to fabricate a three-terminal lateral device for measurements of the voltage changes induced by a Hanle effect. [23] [24] [25] [26] [27] [28] Here a polycrystalline Co layer with a thickness of 25 nm was deposited on the Fe 3 Si layer by using electron beam evaporation so as to align the magnetic moments in the inplane direction. The fabricated device is illustrated schematically in Fig. 1(a) . As shown in the cross-sectional transmission electron micrograph of Fig. 1(b) , the heterointerface consisting of Fe 3 Si/n + -Ge was atomically flat, leading to the reduction in the presence of interface states. [12, 13] 
tively. The edge-edge distance between contacts 1 and 2 or contacts 2 and 3 was 10 µm or 25 µm, respectively, and the n + -Ge(111) layer on the channel region was removed by Ar + ion milling. The Hanle-effect measurements were performed by a conventional dc method at 50 K. External magnetic fields (B Z ) for the Hanle-effect measurements were applied perpendicular to the film plane after the magnetic moments of all the contacts were aligned parallel to the film plane. Figure 1(c) shows two-terminal current-voltage (I −V ) characteristics measured between contacts 1 and 2 for various temperatures. When the sign of I 21 is positive, the electrons are injected from the contact 1 into the Ge channel and are extracted from the Ge channel into the contact 2. We can see nonlinear curves for all the temperatures and a weak temperature dependence, indicating that tunneling conduction of electrons through the high-quality Fe 3 Si/n + -Ge/n-Ge interfaces is dominant. Thus, the asymmetry of the I − V characteristics with respect to the V 21 polarity is quite small.
Using this device, we measure the three-terminal voltage, V 23 , as a function of B Z at 50 K in the terminal configuration shown in the inset schematic of Fig. 2(a) . The red and blue plots show the data for I 21 = +10 and −10 µA, respectively, where a quadratic background voltage depending on B Z is subtracted from the raw data. For I 21 = +10 µA in Fig. 2(a) (red) , a voltage change (∆V 23 ) of ∼ +25 µV can be seen with increasing B Z from zero to ±2 kOe. This is a consequence of the depolarization of spin-polarized electrons, i.e., Hanle-effect curve, [23] [24] [25] [26] [27] indicating the first experimental detection of spin accumulation created electrically in n-Ge using Schottky tunnel contacts. In contrast, for I 21 = −10 µA (blue), we cannot see such voltage changes. This feature means that the presence of the spin accumulation is verified only by a forward-biased contact, i.e., contact 2 in the terminal configuration of Fig. 2(a) . When we use the terminal configuration shown in the inset of Fig. 2(b) , a voltage change (∆V 31 ) of ∼ −20 µV can only be seen for I 21 = −10 µA in Fig. 2(b) . This is also evidence for the presence of the spin accumulation in n-Ge, detected only by a forward-biased contact, i.e., contact 1. The asymmetric bias dependence can be understood by a difference in the spin-detection sensitivity through the Schottkytunnel barrier for the spin accumulation in the conduction band of semiconductors, which has already been described by Lou et al. in n-GaAs channels. [23] Recently, we also observed the same features in n-Si channels. [27] In addition to the three-terminal methods, Lou et al. confirmed the above bias-dependent detectability by measuring two-terminal Hanle-effect curves in both bias polarities for GaAs-based devices. [23] Following their experiments, we also confirm the two-terminal voltage, V 21 , as a function of B Z at 50 K in Figs. 2(c) and 2(d) . For I 21 = +10 µA or −10 µA, a voltage change (∆V 21 ) of ∼ +25 µV or ∼ −20 µV is observed, respectively. The magnitude of V 21 , observed in Figs. 2(c) and 2(d) , is almost equal to that shown in Figs. 2(a) and 2(b) , respectively. Accordingly, the spin accumulation signals are detected only at the forward-biased contact in such low bias-current region. Considering these facts, we can judge that the spin accumulation created electrically in an n-Ge channel is evidently detected using Fe 3 Si/Ge Schottky tunnel contacts. Here we also tried to measure the inverted Hanle signals, recently reported by Dash et al. [28] As a result, we could not see inverted Hanle signals at 50 K. This fact indicates that there is almost no local fluctuation of the magnetic fields at the atomically flat Fe 3 Si/n + -Ge/n-Ge interface. A lower limit of spin lifetime (τ S ) can be esti-mated from the Hanle-effect signals with a Lorentzian function, [25] 
, where ω L = gµ B B Z / is the Lamor frequency, g is the electron g-factor (g = 1.563), [29] µ B is the Bohr magneton. The fitting curves (black solid curves) are shown in Figs.  2 (a), (b) , (c), and (d), and the τ S values are roughly estimated to be 125 ∼ 140 psec at 50 K, which are one order of magnitude shorter than those in Si channels at low temperatures reported recently. [26, 27] We can infer that the relatively short τ S is arising from the presence of the strong spin-orbit interaction in Ge compared to Si. [30] Finally, we discuss the magnitude of ∆V (spin signals). For the spin signals with both contacts 1 (A =100 × 200 µm 2 ) and 2 (A = 40 × 200 µm 2 ), we can simply estimate the spin resistance-area-product (spin-RA) at 50 K, Ωcm) and λ Ge (∼ 0.63 µm)[32] are resistivity and spin diffusion length of Ge at 50 K, respectively, and w (0.10 µm) is the thickness of the channel in the fabricated device. As a result, there are large differences (three orders of magnitude) between experimental data and theoretical values. In this context, we discuss two origins as follows. First, we can consider that the actual area associated with the tunneling of electrons is deviated largely from the fabricated contact area, arising from the inplane inhomogeneous doping density near the interface between Fe 3 Si and Ge. Actually, the distribution of the heavily doped Sb can become inhomogeneous under the Sb δ-doping process. [13] Since the actual area associated to the tunneling conduction was quite small, the difference between the experiment and theory may be quite large. Second, two-step tunneling process via the localized states between Fe 3 Si and Ge, as proposed by Tran et al., [24] should be considered. However, we consider that the asymmetric bias dependence shown in Figs. 2 can be explained only by the difference in the spin-detection sensitivity for the spin accumulation in the Ge conduction band, as discussed in detail for Si-based devices.
[27] Therefore, we infer that the former is the one of the possible origins of the large difference between experimental data and theoretical values. We should further polish a technique of the Sb δ-doping processes for fabricating the Schottky-tunnel-barrier contacts. In summary, we have obtained reliable evidence for the detection of spin accumulation created electrically in an n-Ge channel using high-quality Fe 3 Si/n + -Ge/n-Ge Schottky tunnel contacts in lateral structures. The estimated spin lifetime in n-Ge at 50 K was one order of magnitude shorter than those in n-Si reported recently. However, the magnitude of the spin signals was deviated largely from the theoretical value based on the spin diffusion model. One of the possible origins of the large deviation is the difference between the actual area associated with the tunneling conduction and the contact area of the fabricated device.
